Abstract Tiger sharks, Galeocerdo cuvier, are apex predators that may structure marine communities through predation. Despite a large number of studies in other areas such as the Pacific Ocean, there are no quantitative data on the diet of tiger sharks in the northwest Atlantic Ocean and Gulf of Mexico. Diet was assessed from 169 tiger sharks by life stage, area, and environmental factors. Fifteen prey groups were identified, with teleosts, molluscs, birds, cephalopods, and reptiles being the predominant prey categories. There was an ontogenetic shift in diet, prey size and diversity. Molluscs were the most common prey in smaller sharks, while teleosts and reptiles became more important in the diet of larger sharks. Dietary overlap was significant by area (Gulf of Mexico vs Atlantic Ocean) and among all life stages except for young-of-the-year and adult tiger sharks. Juvenile tiger sharks also demonstrated selective feeding by targeting gastropod feet over ingesting the entire animal. While results were similar to feeding studies conducted on tiger sharks in other ocean basins, an understanding of area-specific trophic interactions is necessary to inform decision support tools for ecosystem-based approaches to management.
Introduction
Tiger sharks, Galeocerdo cuvier (Péron and Lesueur, 1822) , are found in temperate and tropical oceans around the world, where they reside in ecosystems from shallow coastal waters to the open ocean (Ebert et al. 2013 ). In the northwest Atlantic Ocean, tiger sharks are typically found from New England to the Florida Keys, and throughout the Gulf of Mexico (Lea et al. 2015) . Both sexes are thought to mature at about 250 cm fork length (Branstetter et al. 1987 ) and can reach sizes larger than 450 cm total length (Castro 2010) . The International Union for the Conservation of Nature (IUCN) Red List of Threatened Species currently classifies tiger sharks as BNear Threatened^throughout their range (Simpfendorfer 2009 ).
Tiger sharks are considered opportunistic foragers, feeding on a broad range of taxa including teleosts, sea turtles, cephalopods, gastropods, crabs, and marine birds, as well as solid anthropogenic waste (SAW). Tiger sharks have also been found to exhibit ontogenetic shifts in their diet. For example, Rancurel and Intes (1982) observed small tiger sharks in New Caledonia feeding more on reef fish, while larger tiger sharks consumed turtles, birds, and squid. Lowe et al. (1996) found that teleosts and cephalopod prey items decreased in frequency as sharks got larger and were replaced by elasmobranchs, crustaceans, turtles, and marine mammals. Simpfendorfer (1992) determined that smaller tiger sharks in Australia fed predominantly on sea snakes and teleosts while larger sharks fed on turtles, birds, and elasmobranchs.
Despite a number of studies conducted on tiger shark feeding, most comprehensive studies have been from the Pacific Ocean. There is little information on the diet of tiger sharks in the Atlantic and Gulf of Mexico, with most information coming from descriptive studies conducted in localized regions. For example, Nichols and Murphy (1916) noted that tiger shark diet included whelks, conch, squid, and fish for sharks caught off of Long Island, New York. Coles (1919) and Bell and Nichols (1921) found that tiger sharks caught off of North Carolina ate crabs, birds, other sharks, turtles and porpoises, while Gudger (1949) found marine birds, turtles, SAW, livestock, fish, conch opercula, horseshoe crabs, and worm tubes inside six tiger sharks collected in the Florida Keys. Clark and von Schmidt (1965) noted prey items of other sharks, birds, turtles, tunicates, octopuses, crabs, molluscs, jellyfish, and SAW in tiger shark stomachs from the Central Gulf Coast of Florida. Taken together, these Pacific and Atlantic studies show tiger sharks feed on a wide variety of prey items that may vary by region and age class.
Studying the foraging patterns of top level predators is important for informing our understanding of their role in the ecosystem. Apex predators, such as tiger sharks, may impact ecosystem structure and function through feeding and trophic cascades (Estes et al. 1998) . As studies of diet and feeding patterns contribute to developing ecosystem models used in management, it is critical that whenever possible, diet information specific to the area of concern is applied when developing the ecosystem model. There is a growing interest in developing ecosystem models for the northwest Atlantic Ocean to better understand the ecological role of sharks (e.g., Morgan and Sulikowski 2015) but using diet data from tiger sharks in the Pacific Ocean would not be appropriate. Accordingly, we quantitatively describe the diet of tiger sharks in the northwest Atlantic Ocean and the Gulf of Mexico by examining diet by life stage and area. We further test the predictability of the feeding on major prey categories by abiotic factors.
Methods and materials
Tiger shark stomachs were collected by on-board scientific observers in the shark bottom longline fishery (Enzenauer et al. 2016 ) and the National Marine Fisheries Service (NMFS) Apex Predators Program's scientific survey between the years of 2000-2016. Observers collect fishery and some environmental information (depth and sea surface temperature) for each haul of the gear. The shark bottom longline fishery is active in the northwest Atlantic Ocean from North Carolina to Florida and throughout the Gulf of Mexico. Bottom longlines in this fishery consist of 1-20 km of mainline with weights placed throughout and up to 500 hooks. Bait can vary from elasmobranchs to mixed teleost species. Fork length (cm) and sex were recorded for each landed shark. Stomachs were removed and immediately frozen or stored on ice prior to transport to the laboratory.
Sharks collected by the Apex Predators Program were captured on research surveys from North Carolina to Florida. Standard sampling gear was a 300 hook/set longline with spiny dogfish as bait. Sharks captured were sexed and measured (precaudal length, fork length and total length). Sharks in good condition were tagged and released. Sharks that died on the longline had their stomachs removed and frozen prior to returning to the laboratory. Some sharks (n = 71) had their stomachs everted prior to being tagged and released. Contents were immediately frozen prior to transport to the laboratory.
At the laboratory, stomachs were thawed, opened, and rinsed with water over a 595 μm sieve. Stomach contents were identified to the lowest possible taxon, counted, measured for length (nearest cm), and weighed (wet weight, nearest 0.001 g). Level of digestion was ranked for each prey item with B1^designated as fresh prey and B5^as almost completely digested. To avoid bias associated with sharks caught on baited longlines, we excluded any item found that potentially was used as bait on the longline. For sharks captured within the bottom longline fishery, the bait used on the specific set recorded by the observer was compared to items found in the stomach. If any item matched and appeared to be fresh, it was excluded from the analysis. Similarly, any spiny dogfish part that appeared to be fresh was removed if the shark was captured as part of the Apex Predators Program survey.
Diets were assessed by life stage following Kneebone et al. (2008) : young-of-the-year (YOY), age 0, [≤100 cm fork length (FL)], juvenile (101-250 cm FL) and adult (≥251 cm FL). If only total length (TL) information was available, TL was converted to FL using the eq. FL = (0.8761) TL-13.3535 (Kneebone et al. 2008) .
Diet was quantified using percent by number (%N), percent by weight (%W), and percent frequency occurrence (%O). Completely digested material was not included in the analysis. Plant material, SAW, and rocks were all included in the analysis. Nematodes that were free-living and not tiger shark parasites were included and placed in their own category when the prey item they originated from could not be identified. Fish lenses were counted in pairs and if there was an odd number, the additional lens was counted as an additional fish. The index of relative importance (IRI) was calculated as IRI = %O(%N + %W) (Pinkas 1971; Hyslop 1980) . The IRI for each item was then divided by the total IRI for all items found in stomachs to obtain the IRI on a percent basis (Mearns et al. 1981; Cortés 1997) .
Items identified were sorted into major taxonomic categories: birds, cephalopods, cnidarians, arthropods, other elasmobranchs, bryozoan, mammals, molluscs, plants, reptiles, teleosts, porifera, other (rocks and SAW), nematodes, and unknown. It is important to note that the nematode category is counted as a diet category even though the nematodes were most likely consumed as part of other prey items, not intentionally, but consumed nonetheless. Percent IRI was calculated for all fifteen diet categories.
Randomized cumulative prey curves were constructed by plotting the cumulative number of major prey groups against the number of stomachs analyzed. Curves were created with Primer v6+ PERMANOVA (PRIMER-E, Auckland, New Zealand) to determine if the sample size of stomachs was adequate to accurately describe the diet (Ferry and Cailliet 1996; Cortés 1997) . If a cumulative prey curve reaches an asymptote, the number of stomachs in the sample size is considered to be sufficient in drawing conclusions about dietary habits. To determine if the cumulative prey curve reached an asymptote, the slope of the line produced from the curve endpoints was compared to a line of zero slope. Endpoints were the mean cumulative number of major prey groups produced for the last five stomachs. A linear regression was then performed using the endpoints to see if the slope of the best-fit line was significantly different from a line of zero slope. Slopes were not significantly different if p > 0.05, meaning the curve reached an asymptote (Bizzarro et al. 2007) .
Dietary overlap by life stage and area was determined using the Simplified Morisita-Horn Coefficient (C MH ) (Morisita 1959 ) using the Ecological Methodology software v7.2 (Exeter Software, Setauket, New York). The degree of overlap is determined on a scale from 0 to 1, with zero indicating no overlap, values above 0.6 designating a biologically significant overlap, and a value of one signifying complete overlap in communities. Prey diversities were compared using Simpson's Index (1-D) (Ecological Methodology software v7.2). Typical values are between 0 and 1 with 1 indicating maximum diversity (Krebs 1989) . A linear regression was used to examine the relationship between prey size (whole prey, TL) and shark size (FL) using SPSS software (IBM, Armonk, New York).
The effects of environmental factors on diet were also evaluated. Environmental factors included sea surface temperature, primary productivity, depth, and salinity. Information on any missing environmental factors from observers (depth, sea surface temperature), as well as information on additional environmental factors (salinity, primary productivity) was extracted using the Marine Geospatial Ecology Tool (MGET) for ArcGIS 10.3 (Esri, Redlands, California) (Roberts et al. 2010) . Sea surface temperature information was gathered from NASA JPL PO.DAAC, primary productivity was collected from NASA GSFC Oceancolor Group, depth was collected from the University of Maine ROMS-CoSiNE, and salinity was collected from HYCOM+ NCODA Global 1/12°Analysis. Only recently consumed prey (i.e. 1 or 2 on the digestion scale) was utilized in the analysis in order to ensure the prey was consumed in similar environmental conditions to where the shark was caught. Only prey items from 4 of the major categories were utilized in this analysis because of limited Brecently consumed^items from other prey categories. The major prey categories utilized in this analysis were: teleosts, birds, reptiles and molluscs. We used a logistic regression using a binomial generalized linear model of the presence or absence of a prey category (No-0/Yes-1) to isolate potential predictors of prey occurrence by environmental factors. Variables were evaluated in a forward stepwise approach with variables retained based on statistical significance (p < 0.05). All analysis was conducted using the SAS statistical computer software v9.2 (SAS Institute, Cary, North Carolina) with the PROC LOGISTIC procedure.
Results
A total of 169 tiger shark stomachs were sampled from October 2000-July 2016. Sharks were sampled from southeast Louisiana to southeast of the Albemarle Sound, North Carolina (Fig. 1 ). Of those, 53 were YOY sharks, 111 were juveniles, and 5 were adults. Sharks ranged from 72 cm FL to 292 cm FL. Average size was 135 cm FL. By area, 24 sharks were sampled in the Gulf of Mexico and 145 in the Atlantic. Samples from each area overlapped from the years 2005-2016. Of the total stomachs analyzed, 71 stomach samples were collected through eversion, while the remaining samples were the whole stomach.
The cumulative prey curve for combined age classes did reach an asymptote, indicating the number of stomachs analyzed was sufficient to describe the overall diet (p = 0.182). By life stage, YOY and juvenile curves approached an asymptote, but were significantly different from a slope of zero (p = 0.00006 and p = 0.0006, respectively). The cumulative prey curve for adults did not reach an asymptote (p = 0.002) (Fig. 2) .
Overall, teleosts were the most important out of the fifteen diet categories (73.81% IRI), with the orders Perciformes (4.27% IRI) and Tetraodontiformes (2.95% IRI) being the most consumed identifiable types of teleosts. The next most dominant diet category was molluscs (13.33% IRI), with gastropoda being the most consumed (10.99% IRI). Birds were the third most consumed category (4.81% IRI), followed by reptiles (1.86% IRI), other elasmobranchs (1.68% IRI), arthropods (1.59% IRI), and remaining categories that were below 1.0% IRI (Fig. 3a) . Seven stomachs were empty. Teleosts were the dominant category, birds had a high percent occurrence, molluscs had both high percent number and percent occurrence, and arthropods had high occurrence even though they did not have a high % IRI overall (Fig. 4) .
For YOY sharks, molluscs were the dominant diet category, particularly gastropoda feet and operculum. Teleosts were the second most consumed category, with the orders Tetraodontiformes and Scorpaeniformes being the most important. The third most important prey category was birds, followed by arthropods (Fig. 3b) . Remaining diet categories were less than 1.0% IRI (Table 1) .
Juvenile sharks primarily fed on teleosts with the orders Tetraodontiformes and Perciformes being the most important. The second most important diet category was molluscs, particularly gastropoda, followed by birds, other elasmobranchs, reptiles, and arthropods (Fig. 3c) . Remaining diet categories were less than 1.0% IRI (Table 2) .
Adults consumed primarily teleosts, with the order Perciformes being the only order of teleosts that could be identified. The second most consumed diet category was reptiles, with Chelonia mydas (Linnaeus, 1758)asthemost important reptile. Reptiles were followed by cephalopods, mainly the order Teuthida, molluscs (all gastropoda), other elasmobranchs, and birds (Fig. 3d) . The remaining diet categories were less than 1.0% IRI (Table 3) .
Dietary overlap using the Morisita-Horn Coefficient (C MH ) revealed significant overlap between YOY and juvenile life stages (C MH = 0.717), and the overlap between adult and juvenile was 0.768, the highest amongst life stages. The overlap between adult and YOY categories was 0.458, indicating these age groups have diets that did not show a biologically significant overlap. Prey diversity using Simpson's Index (1-D) also varied among the three life stages of sharks. YOY diversity was 0.629, juvenile sharks were 0.782, and adults had a value of 0.812, indicating that prey diversity increased as sharks transitioned from one life stage to another. The overall Simpson's Index value was 0.775.
A total of 417 prey items (nine prey items for YOY sharks, 401 prey items for juvenile sharks, and seven prey items for adult sharks) were found in the stomachs of Gulf of Mexico sharks, and a total of 1185 prey items (474 prey items for YOY sharks, 675 prey items for juvenile sharks, and 36 prey items for adult sharks) were found in the stomachs of Atlantic sharks. p=0.002 n=5
Cumulative number of major prey groups All Sharks YOY The best-fitting model for predicting the feeding on teleosts was described as a function of water depth and salinity (Table 4) . Depth was a significant variable to indicate feeding on molluscs. No variable met the significance level (p < 0.05) to be retained in the final model for factors related to the feeding on birds or reptiles.
Discussion
This study is the first comprehensive study of tiger shark diet in the northwest Atlantic and the first to examine ontogenetic shifts, geographic variation on a large scale, and the possible effects of environmental factors on diet. Tiger sharks from North Carolina to the Gulf of Mexico consumed prey from a diverse number of prey groups. This is similar to previous research in the Pacific (Rancurel and Intes 1982; Simpfendorfer 1992; Lowe et al. 1996; Simpfendorfer et al. 2001) , and anecdotal studies from the Atlantic (Nichols and Murphy 1916; Coles 1919; Bell and Nichols 1921; Gudger 1949; Clark and von Schmidt 1965) . In general, prey diversity and ontogenetic shifts in the northwest Atlantic Ocean and Gulf of Mexico were similar to studies in the Pacific Ocean, but predominant prey categories were different, especially the noticeable presence of molluscs. Implications using diet data that differs spatially for developing ecosystem models may over or under estimate the predation effects on prey if diet is assumed to be similar across ocean basins.
Tiger sharks showed an ontogenetic shift in prey size and diet from the young-of-the-year to juvenile stage.
All Sharks (a) YOY (b)
Juvenile (c) Adult (d) We also found an ontogenetic shift in prey size and diet from the juvenile stage to the adult stage, but because of the small adult sample size, this cannot be definitively confirmed. Rancurel and Intes (1982) , Simpfendorfer (1992) , Lowe et al. (1996) , and Simpfendorfer et al. (2001) also found an analogous ontogenetic shift in tiger sharks from the Pacific, with prey size increasing with shark size. Ontogenetic shifts could be attributed to a limitation on the ability of smaller sharks to catch or ingest certain prey items (Lowe et al. 1996) . As maximum swim speed increases with body size for sharks , smaller sharks may be limited in the types of prey they can capture. This may be reflected in the high number of slower moving prey such as gastropods in the diet of YOY tiger sharks. In older age classes, more mobile taxa (teleosts, cephalopods and reptiles) became more important prey items. Likewise, smaller sharks may be limited by the ability to ingest certain prey items as gape size decreases with body size (e.g., Bethea et al. 2004 ). Dietary overlap was biologically significant for all life stages except for YOY and adult. This is not surprising given the differences in size and ecological role between these two age classes. Juvenile sharks, which are intermediate in size, have more overlap in ecology with each of the other age classes. This suggests that the transition in feeding preference with size of tiger sharks occurs gradually and does not occur through a rapid ontogenetic shift. Geographic dietary overlap was also biologically significant between the northwest Atlantic and Gulf of Mexico, suggesting tiger sharks play a similar ecological role in both these regions. Tiger sharks are highly migratory and move between the Atlantic Ocean and Gulf of Mexico (Kohler et al. 1998; Hammerschlag et al. 2012 ). However, the small sample size for sharks caught in the Gulf of Mexico compared to the Atlantic does not allow for definitive conclusions on similarities and differences in diet between these two areas.
Prey diversity and prey size increased as tiger shark size increased. This could, again, potentially be due to increased swim speed or hunting ability in larger sharks allowing for the capture of fast moving or elusive prey items. Diet diversity of adult tiger sharks was limited due to small sample size but this size class did have the highest diversity in diet, reflecting a lower limitation in either ability to capture or ingest a larger diversity of prey items.
When preying on teleosts, tiger sharks were predicted to be found more at shallower depths (10-40 m) and salinities from 30 to 35 ppt. Similarly, tiger sharks feeding on molluscs were more likely to be found in shallow water (0-40 m). While data are not available on the salinities in which tiger sharks are found, previous studies using acoustic telemetry, pop-off archival satellite transmitting (PAT) tags, and smart position and temperature (SPOT) tags have described the tiger shark as a 'coastal species' occupying shallow waters less than 100 m, possibly linked to feeding (Holland et al. 1999; Meyer et al. 2010; Hammerschlag et al. 2012) . Residency data by Hammerschlag et al. (2012) off the southeast United States also indicate tiger sharks remain in shallower waters to the edge of the continental shelf greater than 60 days. While tiger sharks do undertake long distance migrations across the deeper waters of the open ocean in the northwest Atlantic, these individuals were primarily larger tiger sharks that were hypothesized to be foraging on prey such as sea turtles (Lea et al. 2015) .
Gastropods have previously been described from the stomachs of tiger sharks in the northwest Atlantic, including whelks (Nichols and Murphy 1916) , and conch (Nichols and Murphy 1916; Gudger 1949) . Whereas only a few gastropods had been found in previous studies, in our study gastropods were the most important preyitemfor YOYtiger sharks, comprising 49% by occurrence and 36% by weight. This high number of a specific prey item across multiple YOY sharks suggests gastropods are particularly important for small tiger sharks in the northwest Atlantic, and could be an interesting example of diet specialization to increase Fig. 4 Three-dimensional graphical representation of diet from 169 tiger sharks in the northwest Atlantic and Gulf of Mexico. Teleosts (T), birds (B), molluscs (M), arthropods (A), other elasmobranchs (E), reptiles (R), and 8 other major prey categories (bryozoan, cephalopods, cnidarians, mammals, other, plants, porifera, and unknown) plus nematodes, clustered together and not labeled foraging success. Most interesting was the presence of gastropod feet, not accompanied by any shell fragments which suggests a selective feeding mode to bite off only gastropod feet and not consume the shells. Benthic foraging has been observed before in tiger sharks (Heithaus et al. 2002; Lowe et al. 1996) but this is the first-time tiger sharks appear to be selective for a certain part of the body.
Tiger sharks appear to have one of the most diverse diets for larger wide-ranging sharks in the northwest Atlantic. Gelsleichter et al. (1999) found that dusky sharks, Carcharhinus obscurus (Lesueur, 1818) , mostly consumed teleosts, elasmobranchs, crustaceans, with the remaining categories below 1% IRI. Gelsleichter et al. (1999) also found that sand tiger sharks, Carcharias taurus (Rafinesque, 1810) , fed primarily on teleosts and elasmobranchs. Wood et al. (2009) reported shortfin mako Biol Fish (2018) 101:403-415 sharks, Isurus oxyrinchus (Rafinesque, 1810) , predominantly consumed teleosts. Tiger sharks in this study fed on seven major prey categories with % IRI values greater than 1 (Fig. 3a) . The diverse diet of tiger sharks is likely a reflection of their larger size and accompanying wide gape. In addition, tiger sharks potentially have one of the highest bite forces with a tooth morphology that permits cutting as well as breaking tougher materials (Motta and Huber 2004) , which allows them to feed on a wide variety of prey.
One important bias to all diet studies is that prey items that are easily and quickly digested might have been under-represented and items that are digested slowly would be overrepresented. Another source of potential error is that sharks could have been attracted to baited longlines and captured only because they did not have full stomachs. There are also documented regurgitation events in tiger sharks (Heithaus 2001; Simpfendorfer et al. 2001; Gallagher et al. 2011) , and the possibility exists that a shark could have regurgitated some or all of its food while being captured. We feel that most of these biases are low for tiger shark diet since there were very few empty stomachs in our study (4%) compared to other studies (Wetherbee et al. 2004) , and there was little evidence of tiger sharks with only the bait from the longline in the stomach. Such a low percentage of empty stomachs could be due to the frequency that tiger sharks eat, and compared with most other sharks, the tiger shark is disposed to eat a variety of prey, possibly making opportunities to eat more frequent. Temporal bias may also have affected the results of our study, as tiger sharks were sampled over a period of sixteen years, and it is possible that prey availability could have changed over time. However, for a feeding study on a large open ocean predator, like a tiger shark, to have a sufficient sample size, an extended sampling period is generally needed. When conducting diet studies of wide-ranging elasmobranchs, it is not uncommon for studies to collect data over a longer period of time. For example, Gelsleichter et al. (1999) analyzed samples from sand tiger and dusky sharks collected over 12 years, and Ellis and Musick (2007) analyzed samples from sandbar sharks collected from 1974 to 2002.
It is generally assumed that many large sharks are top predators and thus play a role in structuring marine communities through consumption (Cortés 1999; Stevens et al. 2000) . Understanding trophic interactions, species interactions with the environment, and the ecological effects of fishing and other anthropogenic pressures (e.g., climate change) is necessary to inform decision support tools for ecosystem-based approaches to management (Murawski et al. 2009 ). This study contains valuable information about the feeding habits of tiger sharks and it establishes a quantitative base for the diet of tiger sharks in the northwest Atlantic Ocean and Gulf of Mexico. Ecosystem models have become essential tools for evaluating species interactions, and forecasting the impacts of potential management actions on ecosystem dynamics (e.g., Kitchell et al. 1999) . This study has identified some of the major prey categories that tiger sharks are feeding on in this area, established that ontogenetic shifts are present, shown that there are increases in prey size and diversity as sharks grow larger, and found an example of selective feeding in tiger sharks. Our study will provide valuable information for any future study examining food-web responses to the removal of potential keystone predators in the northwest Atlantic Ocean and Gulf of Mexico. 
